RNA polymerase (Pol) II catalyses DNA-dependent RNA synthesis during gene transcription. There is, however, evidence that Pol II also possesses RNA-dependent RNA polymerase (RdRP) activity. Pol II can use a homopolymeric RNA template 1 , can extend RNA by several nucleotides in the absence of DNA 2 , and has been implicated in the replication of the RNA genomes of hepatitis delta virus (HDV) 3,4 and plant viroids 5 . Here we show the intrinsic RdRP activity of Pol II with only pure polymerase, an RNA template-product scaffold and nucleoside triphosphates (NTPs). Crystallography reveals the template-product duplex in the site occupied by the DNA-RNA hybrid during transcription.
and the Pol II-FC* RNA inhibitor complex 9 were superimposed by fitting aspartate loop residues in the active site. The nucleic acids in the active centre of the two complex structures (EC 7 and FC* RNA 9 ) are shown. The RdRP scaffold derived by combination of a forked RNA template-product duplex with the 39 stem of FC* RNA is shown at the bottom. The RNA product strands are in red (transcription EC) or raspberry (RdRP EC), and the RNA template strand is in orange. The FAM fluorescent label is shown as a green diamond. The same colour code is used throughout. The 59 stem of FC* RNA, which is not used here, is in grey. The nucleotide addition site is denoted 11, and upstream and downstream positions are depicted with negative and positive numbers, respectively. b, RNA synthesis with the RdRP scaffold from a. Lane 1 shows the fluorescently labelled reactant RNA. In lanes 2-10 the RNA scaffold was incubated with pure Pol II and different types of NTP (see Methods). UMP misincorporation at position 13 (lane 4) was confirmed by mass spectrometry (not shown). c, Time courses of RNA synthesis with the RdRP scaffold (lanes 2-5) and the corresponding DNA template-containing scaffold DdRP (lanes 6-9). d, TFIIS-induced 39-RNA cleavage in the RdRP EC. Structural studies of the transcription elongation complex (EC) revealed a B-form DNA duplex entering the downstream polymerase cleft, and a hybrid duplex of DNA template with RNA product above the active site [6] [7] [8] (Fig. 1a) . During RdRP activity, the hybrid site and the downstream cleft are expected to accommodate A-form RNA duplexes. The downstream cleft can accommodate A-RNA, as observed for the 39 stem of the RNA inhibitor FC* (ref. 9) (Fig. 1a) . The FC* 39 stem overlaps with two DNA template positions downstream of the NTP-binding site (position 11; Fig. 1a) , suggesting that an RNA template could enter the active site in a similar manner to DNA.
To test whether Pol II can indeed use an RNA template, we prepared an RNA scaffold that combined the FC* 39 stem with a putative RNA template-product duplex (RdRP scaffold; Fig. 1a ). To monitor potential RNA elongation, the product strand was labelled at the 59 end with 6-carboxyfluorescein (FAM). Incubation of this scaffold with Pol II and NTPs led to RNA elongation (Fig. 1b, lanes 1 and  2) , indicating the formation of an active RdRP EC. Most RNA was elongated by eight nucleotides, but shorter and longer products were also observed. Mass spectroscopy of the products was consistent with RNA-templated synthesis (Supplementary Table 1 ). Incubation of the RdRP EC with subsets of NTPs led to products that generally arose from templated nucleotide addition (Fig. 1b, lanes 3-10) , but the absence of the cognate NTP also permitted misincorporation. At position 11, AMP could be incorporated instead of GMP; at position 13, UMP could replace CMP. Misincorporation did not result from the use of RNA as a template, because a corresponding DNA template (scaffold DdRP; Fig. 1c ) produced the same product pattern ( Supplementary Fig. 1 ). These results show the intrinsic RdRP activity of Pol II.
To unravel the structural basis of the RdRP activity, we determined the crystal structure of the complete Pol II bound to an RdRP scaffold. A scaffold with a 59 extension of six nucleotides sufficed to form an active RdRP EC ( Supplementary Fig. 2) , and enabled crystallographic analysis at 3.8 Å resolution to be made (Fig. 2 , Supplementary Fig. 3 , Supplementary Table 2, and Methods). The structure revealed the RNA template-product duplex in the site occupied by the DNA-RNA hybrid during transcription. The RNA product 39 end was bound to the catalytic metal ion A (Fig. 2) . RNA synthesis occurred at the active site used during transcription, because product RNA was cleaved from the 39 end by TFIIS (Fig. 1d) , which stimulates RNA cleavage at the active site in the EC 10 , and in a Pol II-RNA complex 2 . For positions 21 to 25, the structure of the RNA duplex was essentially identical to that of the DNA-RNA hybrid 7 ; however, at the upstream positions 26 to 29, changes in phosphate positions of up to 3 Å resulted in a decreased helical rise (Fig. 2b) .
To compare Pol II activity on the RdRP scaffold and on a corresponding DNA template scaffold, we conducted a time course experiment (Fig. 1c) . Pol II rapidly reached the end of the DNA template but was slower and stopped prematurely on the RNA template (Fig. 1c) . This was not due to a different scaffold affinity for Pol II ( Supplementary Fig. 4 ). To investigate the premature stop, we altered the scaffold ( Supplementary Fig. 2 ). When the downstream duplex length was increased or decreased by 1 base pair (bp), the maximum product length changed accordingly ( Supplementary Fig. 2b , lanes 3 and 4), suggesting that the uracil at position 19 posed an obstacle to elongation. However, synthesis still stopped at position 18 when this uracil was replaced by cytosine or when the downstream duplex was replaced by a single strand ( Supplementary Fig. 2b, d ). Thus, Pol II could use single-stranded or double-stranded downstream RNA templates and showed impaired processivity, independently of the nature of downstream RNA.
To investigate the physiological significance of the RdRP activity, we studied a terminal segment of the HDV antigenome (Fig. 3a) . In cell extracts, this segment directs RNA synthesis that is sensitive to the Pol II inhibitor a-amanitin 11, 12 . The reaction involved RNA strand cleavage followed by elongation of the new 39 end 11, 12 . The cleaved HDV segment apparently forms an RNA template-product stemloop and a downstream RNA duplex, which we shortened by replacing a natural bulge with a loop (HDV scaffold; Fig. 3a) . Incubation of this scaffold with Pol II and NTPs resulted in RNA synthesis up to the end of the template, although synthesis also stopped prematurely (Fig. 3b, lane 8) . RNA synthesis was strictly dependent on the template. Only cognate NMPs were incorporated at positions 11 and 12 (Fig. 3b, lanes 2-6) . When UTP was omitted from the reaction, RNA synthesis stopped at position 113 as expected (Fig. 3b, lane 7) . RNA synthesis was slow, but some final product appeared within 1 min (Fig. 3d) . These in vitro data match the evidence for Pol II-dependent HDV replication in vivo 3, 4 , and argue for the physiological significance of the RdRP activity of Pol II.
The higher processivity of Pol II on the HDV scaffold than on the RdRP scaffold may originate from the different upstream templateproduct duplex, which forms a stem-loop instead of a forked end (Fig. 3c) . We therefore analysed two chimaeric scaffolds that recombine the upstream and downstream regions of the two scaffolds It reveals the RNA template-product duplex of scaffold RdRP-ss6 ( Supplementary Fig. 2 ) in the active-centre cleft of Pol II. The bridge helix is in green. The catalytic metal ion A is depicted as a magenta sphere, and Zn 21 ions as cyan spheres. The view is related to that in Fig. 1a by a 90u rotation around a  vertical axis. b, Comparison of the RNA template-product duplex in the RdRP EC with the DNA-RNA hybrid duplex in the transcription EC 7 . Protein structures were superimposed by fitting the active-site aspartate loops. (Fig. 3c) (Fig. 3e) . In contrast, combination of the HDV upstream stem-loop with the RdRP downstream region enabled run-off synthesis that was not possible with scaffold RdRP (Figs 1c  and 3f) . Thus, the HDV stem-loop promoted RdRP processivity. Consistently, the stem-loop alone, containing only a two-nucleotide 59 extension, formed a functional RdRP EC (Fig. 4a) .
To test whether the RdRP-promoting stem-loop can be formed from the HDV terminal segment in vitro, we incubated the segment with pure Pol II-TFIIS complex. This resulted in RNA cleavage at the internal bulge (Fig. 4b) . The bulge apparently connected the two RNA duplexes in a flexible way, to enable positioning of the scissile RNA strand at the active site (Fig. 4e) . Cleavage produced a 6-bp stem-loop, comparing favourably with the 5-bp stem-loop that forms in extracts 11 . On the addition of NTP, the new 39 end was elongated up to the end of the template (Fig. 4b, lane 7) . Consistently, a corresponding 6-bp stem-loop with a 59 extension supported RdRP activity (Fig. 4a) . Thus, the Pol II-TFIIS complex can cleave the HDV terminal segment and elongate the new 39 end in vitro, which is consistent with models for HDV replication in vivo.
The 6-bp stem-loop that forms by HDV RNA cleavage in vitro (Fig. 4a ) could be structurally revealed in a complex with Pol II (Fig. 4c, d , and Supplementary Table 2 ). The stem-loop bound the hybrid site, and phosphates at positions 21 to 25 occupied the same locations as in the artificial RdRP EC. However, RNA positions 26 and 27 had an increased helical rise (Fig. 4d) , showing that the hybrid site accommodates various RNA duplexes with upstream ends of different structure. The RNA loop was mobile except for one cytidine residue (Fig. 4a, c) . Consistently, a double mutation in the loop did not impair activity ( Supplementary Fig. 5 ). Because base-specific Pol II-RNA contacts are absent in both RdRP EC structures, Pol II recognizes the A-RNA stem rather than a particular RNA sequence.
During transcription, upstream template and product strands are separated, whereas the HDV stem-loop probably persists during elongation. Consistently, Pol II readily used stem-loops with 5, 6, 7 or 10 bp as substrates, but not stem-loops with 13, 15 or 18 bp (Figs 3g  and 4a ). Modelling revealed a clash of the polymerase lid with the RNA stem-loop when it reached a length of 10 or 11 bp. The clash may destabilize the RdRP EC and facilitate stalling. This model explains why elongation with the HDV scaffold partly stalled when the stem-loop reached 13-18 bp (Fig. 3a, b) , and why replacement of the uracil at the downstream position 18 did not influence stalling (Fig. 3h) . The model also explains stalling of the artificial RdRP ECs when a persistent template-product duplex would reach a length of 16 bp (Fig. 1b and Supplementary Fig. 2 ). Similarly, a persistent DNA-RNA hybrid stalls the transcription EC [13] [14] [15] . The limited RdRP processivity in vitro is apparently overcome during HDV replication in vivo by binding of the HDVencoded elongation-stimulatory delta antigen to the polymerase clamp 11, 12, 16 . Clamp movements and/or RNA repositioning would enable the exit of a persistent stem-loop from the cleft.
Our results also explain the previously observed apparently nontemplated RNA elongation in a Pol II-RNA complex 2 . The RNA used b 1 2 3 4 5 6 7 8 for these studies bound Pol II and was cleaved on the addition of TFIIS; cleavage products were elongated by a few nucleotides 2 . We predict that this RNA formed an 11-bp stem-loop in the hybrid site, and a bulge or a 39 tail at the active site (Supplementary Fig. 6 ). TFIISstimulated cleavage then created a new 39 end at the active site, which was elongated in a templated manner, until a critical templateproduct length was reached. Consistently, an 11-bp stem-loop resembling a cleaved species 2 supported templated nucleotide incorporation (Supplementary Fig. 6 ). Our results also explain previously observed cleavage and limited re-extension of a short RNA stem-loop by bacterial RNA polymerase 17 . Thus, earlier observations 2, 17 are apparently examples of the RdRP mechanism described here.
The RdRP activity of Pol II provides a missing link in molecular evolution, because it supports the prediction that an ancestor of Pol II was the enzyme that replicated early RNA genomes 18 . This is supported by the recent findings that the related bacterial RNA polymerase supports not only RNA synthesis with the non-coding 6S RNA as template 19, 20 but also RNA-facilitated RNA cleavage 21 . The early RNA replicase apparently evolved to accept DNA as a template during the transition from RNA to DNA genomes. The early replicase was apparently a common ancestor also of distinct single-subunit RdRP enzymes, because these show a Pol II-like core protein fold and active site 22 . It is possible that the ancient RdRP activity of Pol II, which still replicates HDV, is still used in certain cellular processes, because many organisms lack dedicated single-subunit RdRPs. Given the slow nature and the impaired processivity of the RdRP activity in vitro, such processes would require stimulating factors or would be restricted to the generation of smaller RNAs.
METHODS
Endogenous Saccharomyces cerevisiae core Pol II was purified as described 23 except that the anion-exchange step was omitted. Recombinant Rpb4/7 and TFIIS were prepared as described 10, 24 . Pol II-scaffold complexes were assembled by incubating pure Pol II with two molar equivalents of annealed nucleic acids in transcription buffer as described 24 Fig. 2 ) was determined essentially as described 7, 24 . Core Pol II was incubated with two molar equivalents of the scaffold and five molar equivalents of Rpb4/7 in 5 mM HEPES pH 7.25, 40 mM (NH 4 ) 2 SO 4 , 10 mM ZnCl 2 , 10 mM dithiothreitol. The complex was purified by size-exclusion chromatography, concentrated to 4 mg ml 21 , and crystallized at 22 uC in hanging drops containing 2 ml of sample and 1 ml of reservoir solution (200 mM ammonium acetate, 150 mM magnesium acetate, 50 mM HEPES pH 7.0, 5% poly(ethylene glycol) 6000, 5 mM TCEP (tris (2-carboxyethyl) phosphine hydrochloride)). The HDV stem-loop was cocrystallized with Pol II under the same conditions. RNA scaffold (10 mM) was added to the cryo solutions. For crystallographic details see Supplementary  Table 2 . Diagrams were prepared with PyMOL (DeLano Scientific). Predominant cleavage product For elongation of the cleavage product, the reaction mixture was incubated with 1 mM NTPs at 28 uC for 20 min. For lane 5, the cleavage reaction was stopped after 60 min ('Stop'). c, Difference electron density omit map for the 6-bp HDV stem-loop bound to the hybrid site of Pol II (calculated with protein phases only, contoured at 3.0s). The disordered loop is indicated with a dashed line. The view is as in Fig. 2a . d, Superposition of the RNA template-product duplex in the HDV EC and the RdRP EC (Fig. 2) on the DNA-RNA hybrid duplex in the transcription EC 7 . Protein structures were superimposed by fitting the active-site aspartate loops. e, Model of initial interaction of the HDV antigenome terminal segment with the Pol II-TFIIS complex. The stem-loop is placed in accordance with the crystal structure (c, d) and the downstream duplex in accordance with the location of the FC* RNA 39 stem. We predict that the HDV bulge passes the bridge helix and active site, where cleavage occurs.
